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Temperature dependence of the direct band gap of In, Ga, _, As (x=0.06 and 0.15)
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Photoreflectance has been used to measure the direct band gap of In, Ga,_, As (x=0.06 and 0.15) over
a wide temperature range from 18 to 873 K. We have evaluated the parameters that describe the tem-
perature dependence of the band gap and broadening function.

The ability to perform optical experiments on semicon-
ductors over a wide temperature range, including elevat-
ed temperatures, has many fundamental' ~® as well as ap-
plied ramifications.”!1° The temperature dependence of
the energy and broadening of interband electronic transi-
tions can yield important information about electron-
phonon interactions, excitonic effects, etc.I”% An in-
crease in temperature leads to a redshift of band gaps and
an increase in the linewidth. The temperature variation
of energy gaps can be described by equations involving
three parameters such as the Varshni expression! or the
more recently proposed term containing the Bose-
Einstein occupation factor for phonons.!”® A similar
Bose-Einstein equation also has been used to fit the tem-
perature dependence of the broadening function.>® Ex-
perimental values of these parameters can be used to test
theories.* ¢ From an applied point of view, the ability to
measure the band gap at the elevated temperatures
(~600°C) corresponding to the growth conditions of
molecular-beam epitaxy (MBE), metal—-organic-chemical
vapor deposition (MOCVD), or gas phase molecular-
beam epitaxy (GPMBE) opens up many new possibilities.
For example, (a) the temperature of a substrate material
(GaAs or InP) or (b) the alloy composition of
Ga,;_, Al _As or In,Ga,_,As could be monitored in situ
during actual growth procedures.”1° _

The semiconductor In,Ga;_, As is an important ma-
terial for both fundamental research and device applica-
tions. It is a model material for high speed devices!? such
as high electron mobility transistors and field-effect
transistors because of its small electron effective mass and
high electron mobility. It is also used to fabricate quan-
tum confinement heterostructure lasers,!* in which the
desired optical properties can be achieved by controlling
the indium composition and the thickness of layers in the
quantum wells.

In this paper we report photoreflectance!* (PR) mea-
surements of the direct gap (E,) of undoped, strain-
relieved In,Ga,_,As/GaAs (x =0.06 and 0.15) from 18
K to 600°C in the photon energy range from 0.9 to 1.5
eV. Photoreflectance is a contactless form of electromo-
dulation.!* We have analyzed the temperature depen-
dence of E, by both Varshni'! and Bose-Einstein expres-
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sions.!”® Because of the relatively low indium composi-

tion of our samples these parameters are similar to those
of GaAs.! By taking into account the component of the
energy gap shift due to the thermal expansion coefficient,
we have obtained revised parameters which are directly
related to the electron-phonon interaction.® The temper-
ature variation of the broadening parameter I' has been
studied in terms of a Bose-Einstein expression. We find
that while both acoustic and optical phonons participate
in the energy shift only the electron—optical-phonon in-
teraction is responsible for the changes in linewidth. Us-
ing PR,”7 !0 it has been possible to observe E, to temper-
atures which are a factor of 2 higher in relation to recent-
ly reported spectral ellipsometry results on GaAs (Ref. 1)
and InP.? This is probably due to the fact that the elec-
tromodulation spectrum!® is not only proportional to the
third derivative of the dielectric function but is inversely
proportional to the reduced interband mass (u) while the
ellipsometry signal is proportional to p*”

The measurements were performed on two epitaxial
layers of (100) In,Ga,_,As (undoped) of thickness 1.5
and 1.0 um for x =0.06 and 0.15, respectively, grown on
0.5 um of GaAs buffers (undoped) on GaAs (undoped)
substrates. The growth procedure was MBE. The indi-
um compositions of 0.06 and 0.15 were determined from
E, at 300 K using the relatlon16 Ey(In, Ga,_,As)
=E(GaAs)—1.53x +0.45x2.  These values were close
to those estimated from the growth conditions. For these
thicknesses of the epitaxial layers the lattice-mismatched
strain should be completely relaxed.!” This relaxation
was confirmed by x-ray measurements on both samples.

The PR apparatus'® and heater arrangement”® were
similar to those already reported in the literature. The
temperature was measured by an iron-constant thermo-
couple in contact with the sample surface. For measure-
ments up to about 200 °C the pump beam was the 6328- A
line of a 3-mW He-Ne laser chopped at 851 Hz. Above
this temperature 300 mW of the 6471- A line of a Kr-ion
laser was employed.

Displayed by the dotted lines in the top and bottom of
Fig. 1 are the PR spectra of the Ing(sGagq,As and
In, sGag gsAs samples, respectively, at 25°C, 325°C, and
600°C. The solid lines are least-squares fits to the third-
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FIG. 1. Photoreflectance spectra (dotted lines) of the direct
gap of In,Ga;_,As (x=0.06 and 0.15) at 25°C, 325°C, and
600°C. The solid line is a least-squares fit to a third-derivative
functional form line shape.

derivative functional form (TDFF) for a three-
dimensional critical point.!*> The obtained values of E,,
are designated by arrows in the figure. The fit also yield-
ed the broadening parameter. Due to piezoelectric
effects!® there may sometimes be an additional first-
derivative Lorentzian component to the TDFF fit.2°
However, such terms are generally small unless the ma-
terial contains a high concentration of defects.?’ The
quality of the TDFF fit to our data certainly indicates
that such first-derivative terms are negligible.

We have observed that at 25 °C and below, the spectra
exhibited Franz-Keldysh oscillations (FKQ’s) above the
band gap.!>?! For example, one FKO can be detected in
the 25°C spectra of both samples in Fig. 1. The small
number of FKO’s indicates that we are close to the low-
field regime and hence the TDFF is applicable.!>?! At
lower temperatures more FKO’s become evident because
of the decrease in the linewidth. In this regime, the ener-
gy gap and broadening parameter were obtained from the
three point method.! The origin of these FKO’s will be
the subject of a planned future paper.?

We also attempted to fit the 25 °C spectra for both sam-
ples with a first-derivative Gaussian functional form
(FDGF).2 The TDFF, which is appropriate for unbound
band-to-band transitions,!” yielded a better fit than the
FDGTF, a line shape which represents transitions associat-
ed with bound states such as excitons.?> This FDGF has
a different physical origin in relation to the possible first-
derivative Lorentzian term discussed above. The lack of
an excitonic contribution is not unreasonable since for
these samples the linewidth at 25°C and above (=15
meV) is greater than the exciton binding energy.?* It is
interesting to note that for bulk InP excitonic contribu-
tions in the PR spectra were observed up to about
300°C.®

Plotted in Fig. 2 are the temperature variations of E
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FIG. 2. The experimental temperature dependence of E, of
In,Ga,_,As for x =0.06 (closed circles) and 0.15 (open circles).
The closed and open squares are the data minus the thermal ex-
pansion contribution, AE,, for the x =0.06 and 0.15 samples,
respectively. The solid and dashed lines are least-squares fits to
Egs. (1) and (5), respectively.

for the x =0.06 (closed circles) and 0.15 (open circles)
samples. Representative error bars are shown. The solid
lines are least-squares fits to the Varshni semiempirical
relationship:!!

Eo(T)=Ey0)—aT?*/(B+T) . (1

The obtained values of E,(0), a and B for both samples
are listed in Table I. For comparison, we have also listed
in Table I the values of these quantities for GaAs ob-
tained by previous investigators.”” The values a and S8
for the In,Ga,_,As samples are found to be similar to
those of GaAs because of the low In concentration of the
layers.

The data have also been fit to the Bose-Einstein expres-
sion proposed by Lautenschlager et al.:">

Ey(T)=Eg—ag{1+2/[exp(®@y/T)—11} , )
InyGa,_xAs
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FIG. 3. The temperature variation of the broadening param-
eter for the x =0.06 (closed circles) and 0.15 (open circles) sam-
ples. The solid lines are least-squares fits to Eq. (3).
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TABLE I. Values of the parameters which describe the temperature dependence of the direct energy band gaps of In,Ga,_, As
and GaAs.

E(0) a B Eg ap Op

Material (eV) (107*eV/K) (K) eV) (meV) (K)
Ing 0sGag 0sAS 1.42040.005 4.8+0.4 20050 1.466+0.014 44+9 203+45
Ing 5Gag gsAs 1.285+0.005 5.0+0.4 231+40 1.339+0.015 53+10 238+50
GaAs 1.51240.005% 5.1+0.5* 1901822

1.51740.008° 5.5+1.3° 225+174° 1.571+0.023° 57+29° 240+102°

2From Ref. 7.
YFrom Ref. 1.

where ap represents the strength of the electron-phonon
interaction and @ corresponds to the average phonon
temperature. Our numbers for Eg, ap, and @4 are given
in Table I; also listed are the corresponding values for
GaAs.!

The temperature dependence of I for both
Ing 0sGag 94As (closed circles) and Ing sGag gsAs (open
circles) samples are displayed in Fig. 3. Representative
error bars are shown. The solid line is a least-squares fit
to the equation'->®

IN(T)=Ty+T,/[exp(®/T)—1] . 3)

The values of I'y, I';, and ® corresponding to the
broadening parameter of E, are listed in Table II. Also
given in Table II are the corresponding numbers for
GaAs.! The first term of Eq. (3) corresponds to broaden-
ing mechanisms due to intrinsic lifetime, electron-
electron interaction, impurity, dislocation, and alloy
scattering effects. The obtained value of I'y for the
x =0.15 sample is larger than that for the x =0.06 ma-
terial and both are significantly greater than expected
from alloy scattering (~2 meV).” These results are
probably related to the relatively high concentration of
misfit locations associated with the strain relief. For ex-
ample, the linear density of dislocations for the former
sample is about a factor 2 greater in relation to the latter
material.?6

The second term of Eq. (3) corresponds to the lifetime
broadening due to the electron—optical-phonon interac-
tion. The quantity I'; represents the strength of the
electron—optical-phonon coupling while ® is the optical-
phonon temperature. For comparison we have measured
the “GaAs-like” (®rg;) and “InAs-like” (@pc,)
longitudinal-optical- (LO) phonon temperatures for the
two samples using Raman scattering.?’” These values also

are presented in Table II. As can be seen our numbers
for © are quite close to ®; ; and ®; , for both samples.

Due to the low In composition of our samples I'; and
O for InGaAs should be similar to those of GaAs.! How-
ever, because of the larger error margins of the data from
Ref. 1 comparison is hard to make although there are no
inconsistencies. Our values for these parameters are
more accurate since our maximum temperature was
about a factor of 3 greater than that of Ref. 1 for the
determination of the temperature variation of T.

The temperature shift of E, contains contributions
from both thermal expansion and electron-phonon cou-
pling effects.®2® Therefore, in order to obtain parameters
directly related to the latter influence, it is necessary to
eliminate the contribution of the former. For example,
the quantities @ and B of Eq. (1) and az and ®4 of Eq. (2)
include the influence of the lattice dilation. The energy
shift AE; due to the thermal expansion can be written as

AEth = 3aathT N (4)

where « is the hydrostatic deformation potential and ay;,
is the linear expansion coefficient. For our samples we
have obtained the values of « and a, listed in Table III
by a linear interpolation between the corresponding
coefficients of GaAs and InAs.”® For the latter quantity
we have used the average thermal expansion coefficient of
the end point materials since the temperature dependence
of a,;, (InAs) is not known. Equations (1) and (2) can be
rewritten as

EyT)—AE,=Ey,0)—a'T*/(B'+T), (5)
ENT)—AE,=Ep—ap{l1+2/[exp(®x/T)—11} . (6)

The solid (x=0.06) and open (x=0.15) squares in
Fig. 1 represent data which result from subtracting AE

TABLE II. Parameters involved in the temperature dependence of the broadening parameter of E,
of In,Ga,_,As (x =0.06 and 0.15) using the fit [(T)=Ty+T,/[exp(®/T)—1].

o T, ® OLo: OrLo2

Materials (meV) (meV) (K) (K) (K)
6% 7.5+0.5 23+6 370+122 4107 376*
15% 10.5%0.5 23+6 380£120 406* 3752

*Longitudinal-optical-phonon temperatures for the “GaAs-like” (®1o;) and “InAs-like” (®1o,) modes

of In; _,Ga,As obtained from Raman measurements.
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TABLE III. Values of the parameters which describe the temperature dependence of the direct energy gaps of In,Ga, _, As taking

into account the effects of thermal expansion.

Materials o7 a a B Ep ap 0y 30,
(107/K) (eV) (107* eV/K) (K) (eV) (meV) (K) (K)

6% 6.69% —9.54% 2.5+0.4 140+40 1.4534+0.012 33+7 280+45 1272
15% 6.48% —9.24% 2.6+0.4 150+£40 1.323£0.013 39+8 300£50 124%

2The parameters of a,, «, and ®, were estimated by using a linear interpolation between the values of GaAs and InAs as listed in

Ref. 29.

[Eq. (4)] from the experimental values of Ey(7T). The
dashed lines are least-squares fits to Eq. (5). These data
have also been fit to Eq. (6). The obtained values of a’,
B, Eg, ap, and ®f are listed in Table III.

From Tables IT and III, it can be seen that the values
of ®% are less than ®. Since both electron-optical- and
electron—acoustic-phonon interactions contribute to the
energy shift of the band gap,">>® this leads to a low
average phonon temperature ®%. Since ® for both sam-
ples is quite similar to the LO-phonon temperatures
(®Lo; and Oy ,) the temperature variation of I" is due
mainly to the interaction of the electron with optical pho-
nons. These observations are in agreement with existing
theory.*¢

Manoogian and Woolley?® have suggested that after
the thermal expansion term is removed the parameter '
of Eq. (5) is directly proportional to the Debye tempera-
ture ®, by the relation f'=3®,. Also listed in Table II
are @ for the two In compositions estimated by linear
interpolation between the end point binary materials.'®
As can be seen, there is good agreement between 8’ and
310p.

The parameter a’' of Eq. (5) can be related to ap and
®5 of Eq. (6) by taking the high-temperature limit of
both expressions. This yields a’=2ap/@®%. Table III

shows that this relation is indeed satisfied.

It can be seen from Fig. 1 that it is important to take
into account the effect of the lattice dilation when
evaluating the electron-phonon parameter related to the
energy gap redshift. At 600°C the thermal expansion
term corresponds to about 45% of the total variation for
both samples.

In conclusion, we have measured the temperature
dependence of the direct band gap and its broadening pa-
rameter for In,Ga,;_,As (x =0.06 and 0.15) in the tem-
perature range 18 K to 600°C. We have analyzed E(T')
in terms of both Varshni and Bose-Einstein expressions
while the temperature variation of I'(T') has been fitted to
a Bose-Einstein equation. While both optical and acous-
tic phonons contribute to the redshift of E,, only optical
phonons participate in the temperature variation of the
broadening function.
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